Cardiac surgery is an important medical treatment for coronary vessel patients. Different models have been introduced to determine the risk factors related to side effects of this operation. The goal of this research is to study EuroSCORE (European System for Cardiac Operative Risk Evaluation) as a useful method for predicting the risk of mortality after cardiac surgery, and to introduce a new way of inference, called Fuzzy EuroSCORE. In addition, a systems reliability analysis will be used to calculate the survival possibility of patients after a certain time period after cardiac surgery. To model and simulate the suggested system, eight important parameters of EuroSCORE table are chosen using expe on a fuzzy inference system. To calculate the risk of mortality after cardiac surgery, the patients are categorized into 3 different groups of low risk, medium risk, and high risk. The range of the mortality risk is determined by appropriate medical data in the fuzzy EuroSCORE system. Additionally, a defect density function for the cardiovascular problem is suggested using the systems reliability analysis. Finally, a certain time period after cardiac surgery is predicted.
Introduction
Nowadays, there is a great interest in predicting the results of cardiac surgery in patients. In fact, one of the main challenges in hospitals is to understand the factors that influence a good decision making procedure in surgical operations, with the presence of different types of heart defects. Considering this goal, heart centers are aiming at developing and applying prediction models based on the specific situation of patients to predict the results of the cardiac surgery. With these models, the costs and effectiveness of cardiac surgery for patients can be optimized and improved [1] .
EuroSCORE model is one of the well-known procedures for predicting mortality in cardiac surgery which is performed by several research studies in different countries.
EuroSCORE questionnaire has been tested in different countries and it is shown that this method has the greatest prediction accuracy among different prediction ranking systems for determining the mortality range [2] .
During 1998 and 1999, Geissler and coworkers determined the risk point for all patients of one cardiac surgery center in Germany who had coronary arbitrary bypassed surgery, using 6 prediction systems. The results indicated that among risk determiner models, the EuroSCORE model has the best performance [2] .
The validity of EuroSCORE model has been evaluated in different heart centers across Europe and elsewhere in the world. This model is more powerful and more widely accepted among the society of thoracic surgeons to predict a 30 day period mortality of patients who have a coronary arbitrary bypassed surgery [3] . One example is the study done by Roques and coworkers, across Europe. In this survey there were 18676 patients from European countries such as Germany, United Kingdom, France, Spain, Italy and Finland, where despite of epidemiologic differences the results of EuroSCORE method was significant in all countries [4] .
In recent research projects, the EuroSCORE is used as a tool for gathering the data of individual patients and predicting the risk of mortality based on experiences and expertise. These predictions are then validated based on the actual condition of patients after the surgical operations. This paper provides a new method to calculate risk of mortality from a systems engineering point of view by applying fuzzy Logic concepts to EuroSCORE method. Additionally, some predicting parameters such as the time to mortality and the mean mortality time are calculated using a systems reliability analysis.
Mortality Prediction Models
EuroSCORE is one of the major and important methods currently used to predict the risk of mortality in cardiac surgery. Usually some main parameters of EuroSCORE are determined for different individuals and the risk of mortality is calculated by using the additive weight or logistic regression methods [5] , [6] , [7] . Table 1 shows typical EuroSCORE parameters, which are used in this study. The logistic regression model is used for the prediction of mortality based on the parameters in Table1:
where 0 = -4.789594 is the logistic regression steady parameter. All i in Table 1 are determined for different risk factors. For each risk factor i, x i = 1 if risk factor i exists for a patient; otherwise, x i = 0. For risk factor x 1 (Age), if the patient is younger than 60, x 1 = 1; If he/she is 60, x 1 = 2; If he/she is 61, x 1 = 3 and so on.
In this paper, a new fuzzy EuroSCORE System based on a fuzzy inference system [8] , [9] is introduced. The idea is that instead of using binary values (Yes/No) for parameters, fuzzy values will be used to represent the severity of parameters on mortality.
critical preoperative state parameter presented by a medical group at Washington University is a perfect case for application of the proposed method. This factor consists of five features including 1) respiratory failure, 2) mechanical intubation record, 3) digestive blood flow record, 4) cardiac arrhythmias, and 5) shock, as represented in Table 2 [10], [11] . In the classical EuroSCORE approaches, all of these features are considered to have the same level of importance (as critical condition before surgery); however, in reality, the respiratory failure has a more significant affect on mortality when compared to the shock parameter. In this paper, a more powerful fuzzy logic based EuroSCORE method is introduced to reflect the different levels of importance for affecting factors of mortality after cardiac surgery.
Fuzzy EuroSCORE System
A Combination of factors from different EuroSCORE tables is used for designing fuzzy EuroSCORE System. Different cardiovascular experts were consulted during this process. More specifically, the expert knowledge is used for extracting the fuzzy EuroSCORE factors from the Washington Medical Textbook [10] . The factors are shown in Table 2 . Since each factor depends on different features, the designed fuzzy system is formed as a hierarchy of sub systems [12] . The block diagram in Fig. 1 represents the Hierarchical Fuzzy Inference System (HFIS). The HFIS is formed of five sub systems (FISs) and one main FIS. The main FIS has eight factors (listed in Table  2 ) and one output (level of mortality). As seen in Fig. 1, factors Considering three types of linguistic values for each of eight inputs, 3 ifavailable; however, a limited number of rules are applied in practice. For example, the rules 1, 135, and 236 are as follows:
Rule 1: If (age is low) and (ae is low) and (cpos is low) and (lvef is high) and (cpd is low) and (eca is low) and (rmi is low) and (psp is low) then (mortality has low_risk) Rule 135: If (age is low) and (ae is low) and (cpos is low) and (lvef is medium) and (cpd is medium) and (eca is high) and (rmi is high) and (psp is high) then (mortality has medium_risk) Rule 236: If (age is high) and (ae is high) and (cpos is high) and (lvef is low) and (cpd is low) and (eca is medium) and (rmi is medium) and (psp is high) then (mortality has high_risk) Table 3 represents the details of inputs and output of AE as an example of a sub FIS. Fig. 3 illustrates the graphical representation of output of sub FIS AE versus input 1 (aorta valve endocarditic) versus input 2 (mitral valve endocarditic) and input 3 (rheumatism fever record), respectively. The output of the fuzzy EuroSCORE System will be compared with other methods in Section 5.
Reliability Analysis to Calculate the Prospect of Survival in Patients
Human Physiology is an academic discipline where the human body is considered as a system that includes different subsystems interacting with each other [13] . One of the important sub systems of human body is heart. In some circumstances this sub system might change into a faulty state in which case it cannot fulfill its obligations. As the heart subsystem is a natural system, the exponential density function is a suitable candidate to model its operational behavior [14] . Consider that the heart subsystem is activated (after surgery) at time t = 0. Its time to failure is modeled by an exponential distribution function with parameter as represented by Eq. (2). (2) The parameter is defined by a simple linear equation of = x mortality where The reliability parameters for the heart subsystem after surgery include:
where R(t) is reliability, MTTF is mean time to failure and MRL is mean residual life [14] . For example, if the unit of time is defined as one month, then the probability that a patient with = 0.5 and the associated mortality of 3 percent will survive one year (12 months) will be 0.8352. The calculation is given as follow.
Also the mean life time (MRL) of this patient is calculated as follows:
This result indicates that estimated survival time of the patient is about 3 years after cardiac surgery.
Conclusion
The mean mortality of studied patients after cardiac surgery in low risk group was 0.83%, in medium risk group was 3.065%, and in high risk group was 11.205%. According to earlier studies by researches such as Nashef and coworkers [15] , the mean mortality in low risk group was predicted as 1.28%, in medium risk group as 2.92% and in high risk group as 11.235%.
The results of fuzzy EuroSCORE system are compared with the traditional logistic regression based EuroSCORE model. Table 4 shows the comparison of the prediction accuracy of the risk of mortality using different models in three different risk groups. According to the comparison of fuzzy EuroSCORE results with the results of the previous models, it can be concluded that the fuzzy EuroSCORE method can improve the prediction outcome of the risk of mortality in cardiac patients. In addition, using the HFIS structure gives the model more flexibility and new risk factors can be easily added to the model. A graphical representation of the comparison of the accuracy is given in Fig. 4 . 
